INTRODUCTION
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pigs yields short-chain fatty acids (SCFA) and lactic acid (Bach Knudsen and Jørgensen, 2001) , which can generate 17% of the total digestible energy derived from the diet in growing pigs and 25% in sows. Rerat et al. (1987) and Yen et al. (1991) have reported values of between 24 and 30% of the energy needs of growing pigs.
Energy supply from hindgut fermentation may be determined using in vivo or in vitro techniques or an integration of both techniques (Anguita et al., 2006) . The use of integrated in vivo-in vitro methods takes care of the problem of immediate absorption of SCFA produced in vivo (McBurney and Sauer, 1993) . The objective of this study was to quantify the energy contributed from SCFA produced in the hindgut in growing pigs fed varying levels of dietary NDF from wheat bran using integrated in vivo-in vitro techniques.
MATERIALS AND METHODS

Diet and Animal Management
Three experimental diets consisting of 100, 200, or 300 g wheat bran (WB)/kg diet were formulated. The control diet, which was a standard-fiber diet (SFD), contained corn and casein with an NDF concentration of 75.1 g/kg feed. In diet 2, the medium-fiber diet (MFD), and diet 3, the high-fiber diet (HFD), the NDF concentrations were 105.7 and 149.6 g/kg feed, respectively. The level of casein was adjusted to provide a calculated CP level of 180 g/kg in all the diets. The diets met or exceeded the NRC (1998) nutrient requirements for growing pigs. Chromium oxide was added at a rate of 5 g/kg of diet as an indigestible marker. The gross composition of the experimental diets is shown in Table 1 . The analyzed energy and nutrient concentrations of the diets are shown in Table 2 .
Eighteen growing barrows were fitted with a T-shaped cannula at the terminal ileum. In brief, a laparotomy incision in the right abdominal wall was made below the transverse process of the fourth lumbar vertebra ventrally for approximately 3 cm. The cecum was located and exteriorized. A section of ileum 3 to 4 cm proximal to the anterior attachment of the ileocecal ligament was isolated and packed off with saline-saturated cotton gauze. A subserosal, elliptical purse-string suture approximating the circumference of the body of the cannula was placed in the antimesenteric surface of the ileum. A longitudinal incision of minimal length to accommodate the flange of the cannula was made in the center of the purse-string. With gentle manipulation and the use of thumb forceps, the cannula was inserted into the lumen of the ileum, and the purse-string was tightened around the base of the cannula body.
Pigs were individually weighed and sorted according to BW in decreasing order and the 6 pigs were randomly allocated to each of the 3 experimental diets such that the average initial weight among the treatments was similar. The pigs were of an average initial weight of 19.9 kg. The pigs were individually housed in stainless steel cages and they had access to water through nipple drinkers. They were offered feed at 4% of the least BW in 2 portions at 0700 and 1700 h. For the 9-d duration of the study, the pigs were allowed adjustment to feeds for 5 d. Fecal collection was performed at d 6 and 7 and ileal collection was performed at d 8 and 9. Ileal collection was performed at hourly interval between 0700 and 1 Vitamin premix supplied per kilogram of diet: 2,423 IU vitamin A, 242 IU vitamin D 3 , 17.6 IU vitamin E, 2.4 mg vitamin K activity, 804 μg menadione, 14.1 μg vitamin B 12 , 2.8 mg riboflavin, 9 mg d-pantothenic acid, and 13 mg niacin. SFD = standard-fiber diet; MFD = medium-fiber diet; HFD = high-fiber diet.
2 Mineral premix supplied per kilogram of diet: 9 mg Cu (as copper sulfate), 0.34 mg I (as calcium iodate), 97 mg Fe (as ferrous sulfate), 12 mg Mn (as manganese oxide), and 97 mg Zn (as zinc oxide).
3 Supplied 300 μg of Se per kilogram of diet.
4 Contained 20 g of corn and 5 g of chromic oxide. 1600 h on both days by fitting a sterile plastic bag to the barrel of the cannula. About 200 g of fresh feces was collected from each pig by rectal palpitation, and feces from animals on the same diet were pooled for the production of fecal slurry inoculum. Ileal digesta and fecal samples were immediately frozen. Ileal samples were freeze-dried and milled. Fecal samples were dried in a forced-draft oven at 55°C to constant weight and milled. The Purdue Animal Care and Use Committee approved the animal management protocols.
Preparation of Fecal Slurry Inoculum and In Vitro Fermentation
Fecal slurries were prepared as described by Christensen et al. (1999) by dissolving 200 g of fresh feces in sterile anaerobic mineral salt medium to give 100 g/L (wt/vol) fecal slurry. The suspension was homogenized in a CO 2 -flushed sterile bag under CO 2 for about 2 min. Homogenate was then filtered through 4 layers of cheesecloth under CO 2 gassing.
The in vitro fermentation of the 18 ileal samples was conducted in 10-mL fermenter tubes. Ten grams of freezedried ileal digesta sample was added to I L of mineral salt medium to obtain 1% ileal digesta substrate. For each ileal sample, 5 mL of fecal slurry from a pig was added to 5 mL of ileal digesta from the same pig such that the final volume of 10 mL contained 5% fecal slurry (wt/vol) and 1% ileal digesta substrate (wt/vol) under CO 2 gassing in triplicate sterilized tubes as described by Anguita et al. (2006) . Triplicate sterilized tubes containing fecal slurry alone without ileal digesta was used as control for the estimation of VFA from the fecal slurry. Tubes were stoppered and sealed with aluminum seals and incubated for 48 h at 37°C. Total gas production was measured at 0, 12, 24, 36, and 48 h by the syringe displacement procedure. After 48 h, metaphosphoric acid was added to stop further microbial activity. The supernatant was decanted into sterile centrifuge tubes and centrifuged at 26,880 g at 4°C for 10 min (Sorvall Superspeed RC2-B; Ivan Sorvall Inc., Newton, CT). Supernatant samples (2 mL) were stored at -20°C until needed for SCFA analysis.
Chemical Analysis
Feed, ileal, and fecal samples were milled to pass through a 0.75-mm sieve with a laboratory sample grinder. Dry matter was determined by drying the samples at 105°C for 24 h. Nitrogen content was determined by the combustion method (model FP2000; LECO Corp., St. Joseph, MI; method number 990.03; AOAC, 2000) using EDTA as an internal standard. Gross energy was determined by the adiabatic bomb calorimetry (model 1261; Parr Instrument Co., Moline, IL) with benzoic acid used as internal standard. Calcium, P, and Cr concentrations in diets were determined following nitric/perchloric acid wet ash digestion (method number 935.13; AOAC, 2000) . Calcium concentration in digested samples was determined by flame atomic absorption spectroscopy method and absorbance read using a Varian SpectraAA 220FS (Varian Australia Pty Ltd., Victoria, Australia). Chromium and P concentrations were estimated by spectrophotometry (method number 946.06; AOAC, 2000) and absorbance was read using a Dynex plate reader (Dynex Technologies Inc., Chantilly, VA). The NDF and ADF were determined by the Filter Bag Technique using an ANKOM 200 fiber analyzer (ANKOM Technology, Macedon NY). Concentrations of SCFA in ileal and fecal samples were determined on an Agilent model 7890 gas chromatograph equipped with a model 7683 autosampler using a flame ionization detector (Agilent Technologies, Santa Clara, CA). The column used for the separation was a Supelco Nukol 30 m by 0.25-μm i.d. by 0.25-μm film (Sigma-Aldrich Corp., St. Louis, MO). Data were analyzed using Agilent Chemstation software (Agilent Technologies).
Calculations and Statistical Analysis
The concentrations of DM, energy, and CP in diet, ileal digesta, and feces were calculated using the chromium index ratio. Values of SCFA for ileal digesta were calculated by subtracting values of fermented samples without ileal digesta from those with ileal digesta. The SCFA produced in vitro in ileal and fecal samples was expressed following the description of Anguita et al. (2006) The ileal and total tract digestible energy were calculated using the chromium index ratio: digestibility (%) = [(1 -Crfeed/Crileal or feces) × (energyfeces/energyileal or feces)] × 100, in which Crfeed is the Cr concentration in feed, Crileal or feces is the Cr concentration in ileal effluent or feces, energyfeces is the energy concentration in feces, and energyileal or feces is the energy concentration in ileal effluent or feces. The ileal or total tract digestible energy was then calculated using the following formula: ileal or total digestible energy = ileal or total tract energy digestibility × diet energy.
The amount of energy in the hindgut was calculated as the difference between the total tract digestible energy and ileal digestible energy. The equivalent energy for each SCFA in kilocalories per mole was assumed to be 208, 364, 520, and 676 kcal/mol for acetic, propionic, butyric, and valeric acids, respectively (Weast, 1977) . Data were analyzed using the GLM of SAS (SAS Inst. Inc., Cary, NC) based on the following model:
in which Y is the dependent variable; i is for diets 1, 2, or 3; j is for replicates 1, 2, 3, 4, 5, or 6; μ is the overall mean; α is the diet effect; and ε is the error term for completely randomized design. Standard error of the mean is for n = 6 and level of significance was set at P < 0.05.
RESULTS
Results of DM, concentration of energy, CP, NDF, ADF, and SCFA in ileal digesta or feces are shown in Tables 3 and 4 , respectively. Ileal and fecal DM increased (P < 0.01) with increasing dietary NDF. The amounts of energy and CP in ileal digesta and feces increased (P < 0.01) with increase in dietary NDF. The amount of ileal NDF was increased (P < 0.01) by increase in dietary NDF, but there was no effect of diet on ileal ADF values. The NDF in feces was reduced (P < 0.01) with increase in dietary NDF. Reduction in amount of ADF in response to dietary NDF was not significant. Greater amounts of CP and SCFA and lower amounts of NDF were excreted in pigs fed the MFD and HFD than in pigs fed the SFD. But there was no difference in SCFA between pigs that received the MFD and those that received the HFD. There was a greater flow of ileal NDF and a lower NDF excretion in pigs that received the HFD compared with those on the MFD and SFD. There was dietary effect on the molar ratios of fecal SCFA. Although molar ratio of acetic acid was increased (P < 0.01), there was a decrease in the ratios of propionic acid (P < 0.01), butyric acid (P < 0.05), and valeric acid (P < 0.01).
The SCFA per kilogram of ileal digesta and per kilogram feed DM increased (P < 0.05) with increase in dietary NDF (Table 3 ). There was an increase (P < 0.01) in the molar ratios of acetic acid and a decrease (P < 0.01) in those of propionic acid and valeric acids. There was no effect of diet on the molar ratio of butyric acid. The molar ratios of acetic acid in pigs on the MFD and HFD were greater (P < 0.05) than that in the pigs on the SFD. But the molar ratios of propionic, butyric, and valeric acids in pigs on the SFD were greater (P < 0.05) than those of pigs on the HFD (Tables 3 and 4) .
The amounts of energy digested and available in sections of the gastrointestinal tract of pigs are shown in Table 5 . Ileal digestible energy was reduced (P < 0.05) with increase in dietary NDF. The amount of energy digested in the hindgut was affected (P < 0.01) by diet. Energy from in vitro fermentation of ileal effluent increased (P < 0.05) with increase in dietary NDF. Energy from fermentation was greater (P < 0.05) in the HFD compared with the other diets. Energy in fecal excretion and energy absorbed were increased (P < 0.05) by dietary NDF with the least amount in pigs that received the SFD and highest amount in those that received the HFD. The amounts of energy absorbed also increased (P < 0.01) as dietary NDF increased. The contribution a-c Means within a row for ileal or feces without same superscript are different (P < 0.05).
1 SFD = standard-fiber diet; MFD = medium-fiber diet; HFD = highfiber diet.
2 Amount of each SCFA was expressed as percentage of sum of acetic, propionic, butyric, and valeric acids.
of SCFA from fermentation to total tract digestible energy increased (P < 0.01) from 10.7 for the SFD to 19.4 for the MFD and 24.2% in the HFD.
DISCUSSION
The aim of this study was to estimate the amount of energy derived from fermentation of WB fiber in ileal digesta and in the hindgut of growing pigs. When fibrous feedstuffs such as WB are included in the diets of pigs, there is usually a reduced nutrient digestibility as a result of the NSP in the feedstuffs. Nevertheless, pigs are capable of deriving between 17 and 25% of total digestible energy from hindgut fermentation of fibrous feedstuffs (Shi and Noblet, 1993 ). In the current study, variation in WB was responsible for an increase in the NDF in sequential diets as the NDF (consisting of the lignin, cellulose, and hemicellulose components) and ADF (consisting of the lignin and cellulose components) both increased (Table 2) . Increasing level of dietary NDF resulted in increase in the amounts of ileal and fecal DM per kilogram DM of feed. These increases can be attributed to the amounts of CP, NDF, and ADF in the ileal flow and to the amount of CP in the fecal samples. Similar results of increased ileal and fecal DM partly due to significant amounts of CP and NSP at the 2 sites have been reported (Anguita et al., 2006) . Several authors (Fernandez et al., 1986; Graham et al., 1986; Yin, 1994; Jørgensen et al., 1997) have reported that increased dietary fiber can result in reduced apparent ileal digestibility of starch, CP, fat, and minerals. Increase in ileal DM with increase in NDF in the diets was due to increases in the amount of CP, NDF, and ADF in the ileal digesta because the undigested and unabsorbed fractions are recovered in the ileal digesta and feces. As dietary NDF level increases, the amount of ileal or fecal DM also increases because according to Morel et al. (2003) , pigs do not produce the endogenous enzymes needed to break down the cell wall NSP.
The in vitro method is a simple and reliable technique for estimating SCFA production because the products are not absorbed (McBurney and Sauer, 1993) compared with the in vivo method in which they are absorbed in the lumen of the gut. Barry et al. (1995) indicated that the amount of substrate available in the fermentation medium determines the nature and amount of the products of fermentation. Both type and amount of fiber are important in determining the amount and composition of SCFA produced in the large intestine (Christensen et al., 1999) . Different fiber sources are fermented at different rates and the level of inclusion in the diet is important in determining the amount of SCFA produced. The amount of SCFA produced during the in vitro fermentation was affected by diet largely due to the varying levels of NDF component in the diets. Wheat bran has been reported to contain 63.4% of its total NSP as arabinoxylan (Iyayi, 2008) , which is fermented to produce SCFA in the large intestine. The higher NDF in ileal effluent and lower amount in feces in the HFD compared with the MFD and SFD explained the higher amount of SCFA from the feces of pigs on the HFD. These results agree with those of Christensen et al. (1999) , who reported higher amounts of SCFA in pigs fed high-fiber WB and oat bran compared with pigs fed a low-fiber diet. Anguita et al. (2006) also reported similar results with a highfiber diet in comparison with standard-and low-fiber diets. The amount of acetic, propionic, and valeric acid was affected by diet but butyric acid was not. Acetic acid was produced in the highest amount, irrespective of diet, followed by propionic, butyric, and valeric acid in that order. The results are similar to reported trend in the studies of Christensen et al. (1999) and Anguita et al. (2006) . Arabinoxylan of WB was responsible for the higher proportion of acetic acid produced. Englyst et al. (1987) reported that fermentation of starch resulted in a greater proportion of butyric acid whereas xylan and pectins produced acetic acid. Wang et al. (2004) also reported that fermentation of ileal digesta from pigs fed a diet containing 12% sugar beet pulp, which contains about 22% pectin (Lund, 2012) , produced greater proportions of acetic acid. Because WB contains mostly arabinoxylans (Iyayi, 2008) , acetic acid would be produced in greater proportion when it is fermented compared with propionic, butyric, or valeric acid. 1 SFD = standard-fiber diet; MFD = medium-fiber diet; HFD = highfiber diet.
2 SCFA = short-chain fatty acids.
3 Percentage of total available energy (total available energy is the sum of energy digested at the end of ileum and energy absorbed as SCFA). Energy absorbed as SCFA is the difference between energy produced in vitro from SCFA and that excreted in the feces.
The reduction in ileal digestible energy with increase in the level of NDF was due to reduced ileal digestibility associated with dietary NDF. There was increase in the energy produced in the hindgut with increase NDF in the diets. This is similar to the results of Anguita et al. (2006) of increased hindgut energy production in pigs when low-, standard-, and high-fiber diets were fed. The energy contributed from SCFA in the large intestine increased with increase in dietary NDF. The amount of energy contributed by SCFA in the feces of pigs was also affected by diet, with a amount higher in the MFD and HFD than in the low SFD. The amount of energy from SCFA, which was absorbed in the large intestine, calculated as the difference between the energy produced from in vitro fermentation of ileal effluent and that produced from fermentation of feces increased with increase in dietary NDF.
The percentage contribution of energy from SCFA of the energy produced in the hindgut ranged from 85 to 96. These values are higher than those reported by Christensen et al. (1999) and Anguita et al. (2006) . Differences in feedstuffs used could have been responsible for the differences in the percentage contributions among the studies. The percentage of amount of energy from in vitro fermentation to the total energy available increased with increasing dietary NDF. The values were 10.7, 19.4, and 24.2% for SFD, MFD, and HFD, respectively. Jensen (2001) , Christensen et al. (1999) , and Anguita et al. (2006) have earlier reported a similar contribution of energy from SCFA production. The higher values reported in the present study than those of the above authors can be attributable to the level of dietary fiber in the diets, which were higher in our studies (10.4, 17.3, and 26 .4%, respectively) compared with 6.3, 10.3, and 11.0%, respectively (Christensen et al., 1999), and 7.74, 16.05, and 24%, respectively (Anguita et al., 2006) . Jensen (2001) reported that in the literature, the energy produced from fermentation by microbes in the hindgut accounts for 2.4 to 29.5% of the total energy available to pigs. Some energy from fiber fermentation is produced in the foregut. The epithelial cells of the gastrointestinal tract are differently fueled from SCFA derived from carbohydrate (dietary fiber and starch) fermentation. The SCFA are important luminal substrates for colonocytes; of these, there is evidence that butyrate is the most important (Roediger, 1980) . In addition, the SCFA stimulate cell proliferation (Lupton et al., 1988) . Propionate is removed by the liver and largely converted to glucose, acetate is used in cholesterol synthesis, and butyrate is converted to CO 2 and ketone bodies. Nevertheless, a greater proportion of energy from fermentation is derived in the hindgut, where it plays significant role in maintaining the health integrity of colonocytes. The energy derived from the SCFA is usually an indirect one compared with that from glucose, which is more direct. In the current study, energy digested in the hindgut, calculated as the difference between total tract digestible energy and ileal digestible energy, was 16, 19, and 25% of total tract digestible energy for SFD, MFD, and HFD, respectively. Important information from the current study is that fermentationderived SCFA from ileal effluents contributed 84, 95, and 94% of the energy digested in the hindgut for pigs fed SFD, MFD, and HFD, respectively.
In conclusion, increasing NDF concentration in the diets of pigs caused a reduction in the ileal digestible energy and a corresponding increase in the amount of energy from in vitro fermentation in the hindgut. Amounts of NDF in diets of growing pigs ranging from 75 to 147 g/kg feed will provide energy from microbial fermentation in the hindgut ranging from 10.7 to 24.2% of the total digestible energy available to the growing pig.
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